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ABSTRACT 
Wires of var ious  metals were exploded i n  a steam atmosphere. The -metals 
i n v e s t i g a t e d  were aluminum, magnesium, tantalum, zirconium, pyrofuze,  and 
t i tanium. Exploding wires generated numerous hot ,  s m a l l  p a r t i c l e s .  Using 
high speed photography , v e l o c i t i e s  and dece le ra t ions  were measured . 
r e s u l t s  are as follows: aluminum p a r t i c l e s  i n i t i a l  v e l o c i t y  26 k 0.74 m / s  and 
dece le ra t ion  of 8075 m/s2; zirconium (e j ec t ed  from 1 m diameter  w i re )  
p a r t i c l e s  i n i t i a l  v e l o c i t y  is from 5 to 11 k 0.47 m / s  and d e c e l e r a t i o n  is from 
200 to  635 m / s 2 ;  zirconium (e j ec t ed  from 0.127 mm d iameter  wire)  particles 
i n i t i a l  ve loc i ty  is from 1.25 to 1.6 ? 0.47 m / s  and a c c e l e r a t i o n  16 d s 2 ;  
magnesium p a r t i c l e s  i n i t i a l  v e l o c i t y  from 27 t o  34 +- 0.43 m / s  and d e c e l e r a t i o n  
from 3300 t o  6750 m / s 2 ;  tantalum ( e j e c t e d  from 1 mm d iameter  wi re)  p a r t i c l e s  
i n i t i a l  ve loc i ty  is 5.9 & 0.74 m / s ;  pyrofuze ( e j e c t e d  from 0.5 mm diameter 
wire) particles i n i t i a l  ve loc i ty  is from 1.25 to  1.6 ? 0.74 Q/S and 
dece le ra t ion  from 3700 t o  a c c e l e r a t i o n  of 200 m/s2; t i t an ium ( e j e c t e d  from 
0.127 mm diameter wire)  p a r t i c l e s  i n i t i a l  v e l o c i t y  is 0.6 k 0.43 m/s and 
a c c e l e r a t i o n  of 15 m/s2. 
Typical  
v i  
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I. INTRODUCTION 
The energy r e l eased  by metals burning i n  steam has s e v e r a l  important  
a p p l i c a t i o n s  inc lud ing  torpedo p ropu l s ion ,  n u c l e a r  r e a c t o r  s a f e t y ,  underwater 
v e h i c l e s ,  underwater ordnance,  etc. 
This  report  con t inues  the s t u d i e s  t h a t  were performed by Hallenbeck 111 
and R o l ,  et. al . ,  [ Z ]  which are r e l a t e d  t o  underwater shaped charge 
i n v e s t i g a t i o n s  . I n v e s t i g a t i o n  of v e l o c i t i e s  and d e c e l e r a t i o n s  of aluminum, 
magnesium, zirconium, tantalum, pyrof uze and t i t a n i u m  were r a r e l y  found i n  the 
l i t e r a t u r e .  Hallenbeck [ l ]  measured the v e l o c i t y  of aluminum p a r t i c l e s  
burning i n  steam and i n  air  by us ing  high speed  n o t i o n  p i c t u r e  canera. The 
v e l o c i t y  i n  steam w a s  f r o m  2 t o  4 m / s  and i n  a i r  from 7 t o  11 m / s ,  No 
a d d i t i o n a l  d a t a  w a s  found i n  l i t e r a t u r e .  For i n v e s t i g a t i o n  of shaped charge 
perf omance ,  v e l o c i t i e s  and d e c e l e r a t i o n s  of t h e  burning p a r t i c l e s  are 
important parameters t h a t  can be used f o r  aerodynamic d rag  s t u d i e s  as well as 
f o r  s t u d i e s  of d i f f e r e n t  burning mechanisms. 
In  t h i s  r e p o r t  t he  v e l o c i t y  and d e c e l e r a t i o n  c h a r a c t e r i s t i c s  f o r  aluminum, 
zirconium, tantalum, magnesium, pyrofuze and t i t a n i u m  p a r t i c l e s  burning i n  
s t e a m  are summarized. T h e  measurements were performed using Hycam 2004-E and 
K l O O l  high speed wotion p i c t u r e  cameras ope ra t ed  a t  3850 FPS and 1500 FPS 
r e spec t ive ly .  The cameras were equipped wi th  s t r o b o s c o p i c  markers f o r  p rec i se  
tine measurements. The Kodak 4-X reversal f i l m  400 ASA 7277 w a s  used f o r  
combustion photography, and va r ious  f-numbers were used d u r i n g  the experiments  
due to d i f f e r e n t  r a d i a n t  energy emi t ted  by t h e  burning particles. 
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11. EXPERIMENTAL 
The experiments were conducted i n  pressure  v e s s e l  which cons i s t ed  of a 
twelve inch  high s t a i n l e s s  steel  cy l inder ,  10.75 inches diameter w i t h  fou r  
evenly spaced, 5 i nch  diameter observat ion po r t s  welded i n t o  its 
circumference. One inch th ick ,  Schl ie ren  q u a l i t y ,  Boros i ca l a t e  crown g l a s s  
(BK-7) w a s  i n s t a l l e d  i n  each po r t .  See Figure 1. Two Watlow Band Heaters 
were used to heat the  apparatus t o  opera t ing  temperature and fou r  a d d i t i o n a l  
Watlow Heaters were mounted on observat ion por t s  i n  o rde r  t o  prevent  steam 
condensation during experiments. An Omega model 157 D i g i t a l  Con t ro l l e r  was 
used f o r  temperature s t a b i l i z a t i o n .  The experiments were conducted i n  
pressure range of 20 to  38 p s i  and steam temperature range of 354 to 382'F. 
Thermocouples were mounted i n  d i f f e r e n t  loca t ions  i n s i d e  t h e  chamber t o  
measure t h e  i n t e r n a l  temperature. 
The metal p a r t i c l e s  were g ated by the  exploding wire technique. 
The 5 cm l eng th  wire was mounted between two holders and the e l e c t r i c a l  energy 
t r ans fe red  t o  the var ious wires was 10 to 100 Joules .  See Figure 2 .  
Measurements of p a r t i c l e  v e l o c i t y  were performed by us ing  h igh  speed movies 
from Hycam 2004-E and Kl00l high speed motion pkcture cameras. The cameras 
were equipped with st oscopic l i g h t s  which mark the frames a t  a p r e c i s e  
frequency. The t e s t  conditions f o r  d i f f e r e n t  metals burning i n  steam are 
METAL" 
I 
A% ( 1  
Ta ( 1  nun) 
Ta (0.127 mm) 
Pyrof uze 
(0.5 mm) 
Zr ( 1  mm) 
I Zr ( 0 * 1 2 7  m, 
I : ::.E: m) 
** Distance from Lens t o  Wire 
AMBIENT PRESSURE DISTANCE** FILM SPEED 
TEMP O F  ps i a  inch  f-number FPS 
3850 
3850 
374 38 46 4 
354 22 46 22 
- 382 
380 
38 1 24 36 8 1500 1 
371 
I 
1 
I 
21 36 5.6  
374 22 36 4 1 
372 '20 36 5.6 1500 I 
Table 1. Test Conditions f o r  Metals Burning i n  Steam (Focal Length of Lens = 
75 m) 
3 
Figure, 1. Pressure Vessel w i t h  A d d i t i o n a l  Parts Assembled 
Tubing f o r  Pressure 
4 )  P o s i t i v e  Terminal 
i n s u l a t o r ,  ( 5 )  Side 
Thermocouple C9, 
cuiC,  (12)  "tlot" s i d e  of h e a t e r  
F i g u r e  2 .  Pietal Wire Under Test P o s i t i o n e d  i n  Holder 
( 1 )  Notch in the metal t e s t  wires; test wires !Lad diameter 
of 0.127 mm,  0.5 m and 1 mm, (2 )  S p r i n g  ( 3 )  kasher i n  
contact w i t h  end of t e s t  wire, 
5 
111. RESULTS 
A. Data Reducti 
The projected d i s t ance  on en was c a l i b r a t e d  according t o  the 
known dis tance  between the two holders which is 5.00 2 0.05 cm. Two typ ica l  
successive frames from the experiments is shown i n  F igure  3.  
The par t ic le  ve loc i ty ,  V , a t  t i m e  t , was ca lcu la t ed  as fo l lows:  
(1) 
where: R is the actual d is tance  between par t ic le  l o c a t i o n s  i n  two 
success ive  frames . 
d, is the d i s t ance  betwe the p a r t i c l e  images O n  the f i l m .  
between two success ive  frames 
a c t u a l  and 
( 2 )  
e holders  on t he  
The par t ic le  dece le ra t ion  a t  t i m e  t , D(t)  , is c a l c u l a t e d  by 
ing analysis o f  polynomial regress ion  f o r  the  v e l o c i t y  measurement. The 
t 
accuracy of d i s t a n c e  measurement of a c t u a l  d i s t a n c e  of t h e  d i f f e r e n t  metals 
are given i n  Table 2. 
I I CORRECTION I ACCURACY 1 
METAL FACTOR, r m/ s 
Aluminum 0.385 2 0.74 
Magnesium 0.577 5 k 0.43 
Zirconium 0.625 k 0.47 
Tantalum 0.385 2 0.74 
Pyrof  w e  0.385 t 0.74 
Titanium 0.5775 ?r 0.43 
1 2 0.74 
1 
. -  I lzgm 
Table 2. Correc t ion  Fac to r s  f o r  Convert ing Image Distance t o  Actual  Distance 
and Accuracy of Ve loc i ty  Measurement. 
8 .  Veloc i ty  and Dece le ra t ion  Measurement of Aluminum Combustion i n  Steam 
Particle v e l o c i t y  and d e c e l e r a t i o n  were measured u s i n g  h igh  speed 
movies .from a Hycam 2004-E high speed motion p i c t u r e  camera opera ted  at 3850 
FPS. The fo l lowing  d i s c u s s i o n  a p p l i e s  to a t y p i c a l  p a r t i c l e  i n  a s i n g l e  
e xp e r imen t . 
The v e l o c i t y  of the  p a r t i c l e  was g r a d u a l l y  d e c r e a s i n g  from 2 6 . 6  m / s  t o  
By using the a n a l y s i s  of polynomial r e g r e s s i o n ,  t h e  b e s t  curve f i t  w a s  4 m/s. 
found to  be a l i n e a r  f u n c t i o n .  These resul ts  are shown i n  F igure  4 .  The 
dece le ra t ion  is determined accord ing  t o  the s l o p e  of t h e  graph i n  F igure  4 
which is 8075 rn/s2. The e r r o r  of the v e l o c i t y  measurement w i l l  be g iven  i n  
us s ion  ( f o r  aluminum and the o t h e r  metals).  
e c e l e r a t i o n  of Zirconium Combustion i n  Steam (1 m 
ticle  v e l o c i t y  and d e c e l e r a t i o n  w e r e  meas 
an Hycam K l O O l  high speed not ion  p i c t u r e  
10 p a r t i c l e s  were e j e c t e d  from t h e  wire 
500 
he 
e s e n t a t i v e  p a r t i c l e s  Versus t i n e  are shorn i n  F igure  5 ,  
the  a n a l y s i s  of polynomial r e g r e s s i o n  ( s e e  for d e t a i l s  i n  paragraph A 
7 
tion Pic ture  Camera 
e Experiments. 
Figure 4 .  Veloc i ty  of Typica l  Aluminum P a r t i c l e  Combustion i n  Stearn. 
above) the bes t  curve f i t s  were aga in  l i n e a r  f u n c t i o n s .  
v e l o c i t i e s  were from 5 m/s t o  11 m / s .  
200 m/s2 t o  635 m / s 2 .  
The i n i t i a l  
The c a l c u l a t e d  dece le ra t ions  were from 
D. Veloc i ty  and Dece le ra t ion  of Zirco 
Diameter Wire). 
Particle v e l o c i t y  and d e c e l e r a t i o n  
movies from an Hycam K l O O l  high speed not ion  p i c t u r e  camera ope 
FPS. Nine p a r t i c l e s  were e j e c t e d .  The i n i t i a l  v e l o c i t i e s  o 
r ep resen ta t ive  p a r t i c l e s  versus  time are shown i n  F igure  6 ,  
ana lys i s  of polynomial r e g r e s s i o n  (see f o r  
results were f o r  l i n e a r  f u n c t i o n s .  
B 
These f 
r a t i o n s  were about  16 u/s2. 
9 
Figure  5. Veloc i t i e s  of Two Representat ive Zirconium P a r t i c l e s  (1 m Diameter 
Wire) Combustion i n  Steam Versus Time.  
PRQ YlCL E I 
* PURTICLE 2 
ve Zirconium Par t i c l e s  (0.127 urn 
E. Veloc i ty  and Decelera t ion  Measurement of Tantalum Particles Combus t i  
i n  Steam ( 1  mm Diameter Wire) 
Tantalum pa r t i c l e  v e l o c i t y  and dece le ra t ion  w e r e  measured by high 
speed movies from Hycam 2004-E high speed motion p i c t u r e  camera operated a t  
3850 FPS. Few s m a l l  p a r t i c l e s  were observed a t  wire r u p t u r e  while  a cloud of 
p a r t i c l e s  were e j e c t e d .  The cloud vanished after 0.26 t o  0.52 m s .  The 
i n i t i a l  v e l o c i t y  was 5.9 m / s .  Decelera t ion  was not measured due to small  
number of frames. The particles were masked by high i n t e n s i t y  r a d i a t i o n  from 
the plasma. 
F. Veloc i ty  and Decelera t ion  Measurement of Tantalum Combus t i o n  in  Steam 
(0.127 mm Diarneter Wire) 
Depending on wire diameter  and electrical energy i n p u t ,  the  wire 
rup tu res  in a s i g n i f i c a n t l y  d i f f e r e n t  manner. Figure 7 ( a)  shows the rup tu re  
of a 1 .0 m diameter wire and is c h a r a c t e r i s t i c  of the case repor ted  i n  
Sec t ion  E above f o r  tantalum. Figure 7(b)  i l l u s t r a t e s  the  r u p t u r e  for  small 
diameter  wire;  tantalum w i r e  of 0.127 IXI diameter breaks as shown i n  Figure 
For l a r g e  diameter  wire, t h e  wire ruptures  and l e a v e s  a small gap. 
The metal wi th in  the gap is e j ec t ed  a t  high temperature.  
wire, the complete span of the wire breaks i n t o  small p a r t i c l e s  o r ,  i f  mol ten ,  
i n t o  s m a l l  d rop le t s .  
par t ic les  a r e  not  e j e c t e d  upward. 
For  small diameter 
All p a r t i c l e s  f a l l  under the a c t i o n  of g r a v i t y ;  
S imi la r  observa t ions  were made by Merzhanov et .  a l . ,  [ 4 ] .  
11 
(a) Rupture of Tantalum 1.0 mm Diameter Wire. 
of 
G. Veloc i ty  and Decelera t ion  I easu renen t  of Magnesium Combus t i on  i n  Steam 
(1 m Diameter Wire) 
A cloud of s m a l l  p a r t i c l e s  was  e j ec t ed .  Two p a r t i c l e s  were observed 
with i n i t i a l  v e l o c i t i e s  from 27 t o  34 rids f o r  three frames (about  2 ms). The 
ca lcu la ted  d e c e l e r a t i o n s  were from 3300 to 6750 m / s 2 .  
H. Veloc i ty  and D e i e l e r a t i o n  Measurement of Titanium Combus t i o n  i n  Steam 
(0.127 mm Diameter Wire) 
S i x  p a r t i c l e s  were ejected downward. Particle fragmentat ion was not 
observed. The v e l o c i t i e s  and t h e  dece le ra t ions  for  two r e p r e s e n t a t i v e  
particles are summarized i n  Figure 8. The i n i t i a l  v e l o c i t i e s  were 0.6 m / s .  
Using the a n a l y s i s  of polynomial r eg res s ion ,  the bes t  r e s u l t s  were f o r  l i n e a r  
func t ions  which are shown i n  Figure 8. The ca l cu la t ed  a c c e l e r a t i o n s  are about 
15 m / s z .  
through the observa t ion  windows was l i m i t e d .  
The precise burning t i m e  is not known s ince  the  f i e l d  of view 
I. Veloci ty  and Decelera t ion  Measurement of Pyrofuze Combus t i o n  i n  Steam 
(0.5 mm Diameter Wire) 
Pyrofuze pa r t i c l e  v e l o c i t y  and dece le ra t ion  was measured by using 
high speed rnovies from Hycam 2004-E high speed motion p i c t u r e  camera operated 
a t  3850 FPS. More than 50 burning particles were e j ec t ed  from the  exploding 
wire. The random e j e c t i o n  time cha rac t e r i zed  the pyrofuze combus t i o n  during 
the per iod of the f i r s t  17 
follows (see Figure 9 ) :  
m s .  The pyrof uze  
13 
combus t i on  could  be summarized as 
I 
2.4 ,  
2 . a  
2 
1.  
1 .  
1 
- * 
+ 
/------ 
+ 
+ 
Figure  8. V e l o c i t y  of Two Representa t ive  T i t a n i u n  Particles Combus t i o n  i n  
Steam Versus Time. 
1, After t h e  i g n i t i o n  of the wire, f o r  the f i r s t  4.0 m s ,  a b r i g h t  
background was observed.  The plasma was d e f l e c t e d  down whi le  e j e c t i n g  
The i n i t i a l  v e l o c i t i e s  f o r  two r e p r e s e n t a t i v e  p a r t i c l e s  i n  les. 
t h e  per iod we re By using t h e  Same a n a l y s i s  of polynomial 
g r e s s i o n  the c 
disappeared and t h e  c e n t e r  of 
e j e c t i n g  par t ic les .  Two 
o c i t y  p r o f i l e s  (particles 3 & 5 i n  F i g u r e  9)  were 
v e l o c i t i e s  from 1.75 t o  2.25 I&. The  
p i s  of polynomial regress i o n )  
0 
T I M E  m g  
Figure 9. V e l o c i t i e s  of F i v e  R e p r e s e n t a t i v e  Pyrofuze P a r t i c l e s  Combustion i n  
Steam Versus T i m e .  
3 .  A f t e r  11 ms t h e  plasma s e p a r a t e d  i n t o  two p a r t s .  One par t  of 
p l a s m a  was burning and has c o n s t a n t  v e l o c i t y  of 3.3 m / s .  
of i l l u m i n a t i o n  ( b u r n i n g  time) of 26 ms was n o t  completed due to  
l i m i t a t i o n  of the f i e l d  of view. The second p a r t  of the plasma was 
e j e c t i n g  p a r t i c l e s .  One r e p r e s e n t a t i v e  p a r t i c l e  ( p a r t i c l e  4 i n  F 
9 )  has i n i t i a l  v e l o c i t y  of 18 m / s ,  and t h e  c a l c u l a t e d  d e c e l e  
3700 m/s2. 
Its p e r i o d  
The t o t a l  burning time was l o n g e r  than 26 ms. 
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J. Summary of Results 
“The resul ts  based on f i l m  from the high speed motion picture  Garnera- 
are 
* Note that minus deceleration is acceleration. 
** Due to l imitat ion of f i e l d  of view, burning time may exceed value shown. 
T a b l e  3 .  Summary of Results of Velocity,  Deceleration, and Burning T i m e .  
IV. DISCUSSION AND RECOMMENDATIONS 
A. Particles of aluminum and magnesium which-are  burning i n  vapor- phase  ' 
(see Brzustowski and Glassman [ 5 ]  and Harks te in  161) have higher v e l o c i t i e s  
and dece le ra t ions  and s h o r t e r  burning times compared t o  o the r  metals such as 
zirconium and t i t an ium and even pyrof uze. 
B. All  the d e c e l e r a t i o n s  of p a r t i c l e s  t h a t  were e j e c t e d  from 1 mm 
diameter wires were r e l a t i v e l y  high (aluminum, zirconium and magnesium). The 
particles from 0.127 mm diameter wires acce le ra t ed  du r ing  t h e i r  burning t i m e  
( t i t an ium and zirconium). The pyrofuze particles were e j e c t e d  f r o n  0.5 mm 
diameter wire, and one can see l a r g e  d i s t r i b u t i o n  of d e c e l e r a t i o n s  as well  as 
acce le ra t ions .  
C. Recommendations 
a. In  t h i s  r e p o r t  p re l iminary  r e s u l t s  of s i n g l e  experiments f o r  each  
metal burning i n  steam are summarized. To confirm the s ta t i s t ica l  
r e s u l t s  f o r  v e l o c i t y  and d e c e l e r a t i o n  measurements, more 
experiments are needed. 
b. Due t o  l imi t ed  f i e l d  of view through the l e n s ,  the precise burning 
time of p a r t  of the metals was impossible t o  measure. Therefore  
u s e  of wide angle  l e n s  f o r  high speed movie camera and changes i n  
s i z e  of combus t i o n  chamber are  recommended. 
C. The experimental  s e t  up f o r  v e l o c i t y  and d e c e l e r a t i o n  should 
c o n s i s t  of a d d i t i o n a l  perpendicular  s t i l l  camera fo r  i n c l i n a t i o n  
angle  measurements. 
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